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Since 1970's structures of Λ hypernuclei have been investigated through various types of reaction spectroscopy, in which hypernuclear states are directly populated and analyzed by the (K − , π − ), (π + , K + ), and (e, e ′ K + ) reactions. The first reaction spectroscopy experiment utilized the (K − stopped , π − ) reaction at CERN [1] , which was soon followed by the in-flight (K − , π − ) reaction [2] with a small momentum transfer. After 1980's the (π + , K + ) reaction with a large momentum transfer was developed at BNL [3] and later at KEK [4] . At the beginning of this century, the (e, e ′ K + ) reaction has become possible at Jefferson Lab (JLab) [5] , achieving a sub-MeV (FWHM) mass resolution. In addition, a new type of experiments was also performed with the (K − stopped , π − ) reaction with an excellent resolution using low-energy K − s from φ meson decay at the DAΦNE facility [6] . Those reaction methods have their own characteristics in terms of selectivity of populating states, mass resolution, experimental yields, background, and so on. Among them one can choose the most suitable reaction method according to the purpose of the study. Although it is necessary to cross check and/or to calibrate the mass scale among different experiments using those different reaction methods, in general it is not straightforward because populated states are not necessarily the same between the different reactions.
In all of those reaction spectroscopy experiments, carbon ( 12 C) has been chosen as the first target and then used to obtain a benchmark spectrum of 12 Λ C or 12 Λ B for verification of the spectrometer performance. This is because 1) its structure is rather simple, and two peaks corresponding to hypernuclear states with a Λ in the s and the p orbit coupled to the core 11 C ground state (3/2 − ) can be clearly separated, 2) the two peaks have relatively large production cross sections, and 3)
12 C is readily available as a target. The (π + , K + ) experiments at KEK-PS [7, 8] revealed small peaks lying between the prominent two peaks in the 12 Λ C spectrum for the first time. These were assigned as the core excited states where a Λ in the s orbit is coupled to the excited states (1/2 − , 3/2 − ) of 11 C (Fig. 1) . Similar peaks were also observed later in 12 Λ B spectra via the (e, e ′ K + ) reaction [9, 10] . In other words, progressive improvements of mass resolution in reaction spectroscopy rendered access to detailed structures of Table I , show significant differences with one another, even though the global structure of spectra agree well. Thus, precise reference data on the 12 Λ C level scheme determined by an independent method such as γ-ray spectroscopy are essential to all the reaction spectroscopy methods.
High precision γ-ray spectroscopy with a typical res- olution of a few keV employing a dedicated germanium (Ge) detector array, Hyperball [11] , has been available since 1998 and revealed level schemes of various p-shell hypernuclei [12] below nucleon emission threshold. The hypernuclear γ-ray data have been used to investigate spin-dependent parts of the ΛN interaction. In addition, precise level schemes determined from γ rays have provided excellent reference data to the reaction spectroscopy experiments.
We report here the first precise measurement of the 12 Λ C level structure by γ-ray spectroscopy. Preliminary results have been reported in Refs [13] [14] [15] . The KEK-PS E566 experiment was carried out at the K6 beam line of the 12 GeV Proton Synchrotron (PS) in KEK. For hypernuclear production, we used the (π + , K + ) reaction at 1.05 GeV/c. A total of 2 × 10
12
pions were irradiated on a 12 C target of a 19.1 g/cm 2 -thick polyethylene disk in one month beam time. A typical beam intensity at the target was 3 × 10 6 particles per spill of 1.5 s duration in every 4 s. Trajectories and momenta of beam pions and outgoing kaons were measured by the K6 beam spectrometer and Superconducting Kaon Spectrometer (SKS), respectively. SKS had a large acceptance for detecting the outgoing kaons with laboratory scattering angles of θ πK = 0-20
• . More descriptions of the spectrometer system and analysis procedures for calculating missing mass are found in Refs. [8, 17] .
An array of Ge detectors, Hyperball2, was newly constructed and installed surrounding the target for γ-ray detection [13] . The total solid angle and the photopeak efficiency of Hyperball2 were about 30% × 4π sr and 4% for 1-MeV γ rays, respectively. Energy calibration was performed over the range of 0.1-6.1 MeV using a 152 Eu source as well as γ rays from surrounding materials activated by beam-induced reactions, such as 24 Na(2754 keV) from 27 Al(n, α) and 16 N(6129 keV) from 16 O(n, p). The systematic error in the energy calibration was estimated to be 0.3 keV for the energy region below 3 MeV and 0.6 keV for the energy region above 3 MeV. Performance of each Ge detector was continuously monitored using a 60 Co source embedded in a plastic scintillation counter [11] . The in-beam live time and the energy resolution were (59.3±0.3)% on average and 5.4 keV (FWHM) at 1.33 MeV, respectively.
In the (π + , K + ) reaction at 1.05 GeV/c, produced hypernuclei have recoil velocities of β = 0.028-0.038, which lead to a typical stopping time of 2 ps in the target medium. Therefore, M 1 transitions with an energy lager than a few hundred keV are expected to have a broadened peak shape due to the Doppler-shift effect. We applied an event-by-event correction to γ-ray energy by using recoil momenta of 12 Λ C, reaction vertices, and positions of Ge detectors with hits. It is noted that the Doppler-shift correction systematically gives a 1% uncertainty on the measured γ-ray energy, where the dominant component is geometrical ambiguity (±5 mm) in the positions of the Hyperball2 apparatus relative to the magnetic spectrometer system. Figure 2 shows the missing mass spectrum for The other curves are mixtures of several states, of which cross sections and excitation energies measured in KEK-E369 [8] are referred. We simulated a response function of a single state in our missing mass spectrum by taking account of the measured performance of the spectrometer system and the effect of target thickness. As a result, the missing mass resolution was 6 MeV (FWHM). The absolute mass scale was adjusted so that the ground state has B Λ = 10.76 MeV [18] . The region of −10 < −B Λ < −2 MeV was set for a tight event selection of the coreexcited s Λ states that are supposed to γ decay. [19] . In the present experiment, Figure 3 (b) and 3(d) are the spectra without the Doppler-shift correction for the "core-excited s Λ region", where peaks appear more prominently at 162 keV and at 2671 keV. After the event-by-event Doppler-shift correction, the 2671-keV peak becomes narrower and then enhanced as shown in Fig. 3(e) . Additionally, two peaks at 2838 keV and 6048 keV are observed with a statistical significance of about 3σ in Fig. 3(e) . The fact that the peaks are observed only in Fig. 3(b) and in Fig. 3(e) 
Λ C spectrum with a thin target [8] . In the weak-coupling picture, both transitions are of M 1 character induced by the transition of the core nucleus itself,
. It is consistent with the fact that the peaks are enhanced by the Dopplershift correction. As the results of fitting peaks in the Doppler-shift corrected spectrum, the γ-ray energies and the yields are 2671 ± 3(stat) ± 3(syst) keV and 56 ± 10 counts for the lower peak, and 2838±4±3 keV and 24±7 counts for the upper peak, respectively. Since the transition ratio of (1
) is calculated to be 0.33 in the weak coupling limit, the observed yield ratio N (2838)/N (2671) = 0.43 ± 0.15 strongly supports a spin 1 − assignment to the ground state. This is further evidenced by a γ-ray yield for the direct M 1 transition between the ground-state doublet as discussed below.
The energy difference (167 ± 5 keV) between the 2671 keV and 2838 keV transitions overlaps with the 162-keV peak energy. Thus, the 162-keV γ ray is assigned as the M 1 transition between the ground-state doublet (2 The 6-MeV peak observed in the Doppler-shift corrected spectrum is attributed to the M 1(1
The γ-ray energy and yield of 6048 ± 8 ± 7 keV and 21 ± 7 counts, respectively, are obtained by fitting with a simulated response function. The observed peak width agrees with a fully Doppler broadened width. Although it is difficult to identify the population of the 1 − 3 state in our missing mass spectrum, the 1 Table I ). The M 1(1
yield is calculated to be 24 ± 6 counts based on the 1 − 3 state cross section measured in KEK-E369, theoretical γ-ray branching ratios [21] , and detector efficiencies in the present experiment. The obtained yield of the 6-MeV γ ray supports the assignment of M 1(1
The excitation energies of the 12 Λ C states were determined by applying a nuclear recoil correction to the observed γ-ray energies. They are tabulated in Table I with comparable results from other experiments. For the 2.8-MeV excitation energy, we took an energy sum of the Figure 4 shows relative intensities of γ-ray transitions plotted against the (π + , K + ) reaction angle with an interval of 3
• in the laboratory frame. The relative intensities were calculated from the measured γ-ray counts with a correction for the spectrometer acceptance and with a normalization for the γ-ray efficiency at 162 keV. We compared the obtained angular distributions with the calculations [22] in terms of the spin-flip and the spinnon-flip production components. The (1 • , at which the calculation for the 2 − spin-flip state also has the maximum amplitude. This enhancement indicates a contribution of the direct 2 − 1 population in addition to the feeding process from the upper excited states.
With an assumption that the 2 − 1 state is populated by two processes, namely the direct production and the feeding from the 1 − 2 state, the production ratio of 2
was estimated to be (8 ± 3)% at θ πK = 2
• -20
• from the yields of the cascading (1 [24, 25] in which contamination from the 2 − 1 weak decay was not taken into account. The energy spacing itself also offers new data for the ΛN interaction. Low-lying levels of p-shell hypernuclei have been studied with a phenomenological approach, where strengths of the spin-dependent ΛN interactions are parametrized in four terms [26, 27] . A recent shell model calculation [28] predicts a comparable doublet spacing of 153 keV by using the already known ΛN interaction parameters and an additional term for the Λ-Σ coupling effect.
In summary, the KEK-PS E566 experiment successfully identified four γ-ray transitions from 
) excitation spectra have played a particularly important role in evaluation and verification of the spectrometer performance as well as in investigation of reaction mechanism and weak decay properties of Λ hypernuclei. The γ-ray data obtained in the present work have an impact on the past and future experiments in hypernuclear spectroscopy by providing a solid reference to the benchmark spectra.
